Abstract -Electric power quality in power transmission/distribution systems has deteriorated considerably with the increase in the number and the capacity of inverter-based distributed generators (DGs). This is caused by inverters, connecting DGs to conventional power grids, tend to generate harmonic currents and voltages due to the switching operations of their transistors and diodes. Therefore, this paper presents new methods to adopt harmonic filters to an inverter-based DG, considering a system consisting of both an inverter-based DG and harmonic filters. In order to prove that the system proposed in this paper can be used generally, this paper describes the simulation results obtained by using PSCAD/EMTDC: the relationship between the total harmonic distortion (THD) of the output current and the output power of a DG, and the harmonic mitigation ability of passive and active filters. Furthermore, the system is obliged to satisfy the regulations made by Korea Electric Power Corporation (KEPCO). In the regulations, DG power factor needs to be maintained between 0.9 and 1 in a grid-connected mode. Thus, this paper suggests two methods for the system to control its power factor. First, the power factor should be controlled by the DG inverter rather than an active filter because this brings a dramatic decrease in the capacity of the active filter. Second, the DG should absorb reactive power only in the low output power range in order to prevent a useless increase in the inverter capacity. This method is expected to result in a variable power factor of the system according to its output power. With these control methods, the proposed DG system can successfully operate in a grid-connected mode with an optimally-reduced capacity of active harmonic filters and DG inverters while satisfying the regulations in terms of voltage variation, power factor, and THD.
Introduction
Recently, there has been significant interest in distributed generators (DGs) for the utilization of renewable energy. Inverters are essential in connecting these distributed generators to electric power grids. Whereas inverters are accurately controlled and have a fast response time, their switching elements have nonlinear characteristics, which cause harmonics in the output current.
Although the magnitudes of the harmonic currents are relatively small, their interaction with grid impedance results in unpredictable harmonic voltages. Harmonic voltages have a bad influence on the inverter itself as well as to other grid-connected electric machines by, for example, decreasing its operation range and lifetime. They can even cause protective relays to operate incorrectly. As the installed capacity of inverter-based DGs increases, the harmonics caused by the inverters increasingly deteriorate the power quality in the whole electric power system. In addition, it is reported that the less output power a DG generates, the more severe the harmonic problems become [1, 2] . Since DGs using wind and solar energy are very dependent on the weather, they often operate at a low output power for several hours every day. It is, therefore, necessary to mitigate the harmonics in order for inverterbased DGs to remain stable in a grid-connected mode. There have been various studies on the methods to mitigate harmonics, e.g., harmonic filters, Unified Power Quality Conditioners (UPQC), and Multipulse Converters [3, 4] . This paper considers passive and active harmonic filters.
Harmonic filters need to be installed near harmonic sources so that the harmonics are removed before affecting other electric equipments; this can also maximize the mitigation ability of the harmonic filters. Consequently, it is necessary to study the operating scheme of a system consisting of both an inverter-based DG and harmonic filters. This combined system is defined as a DG system in this paper.
Under the regulations made by Korea Electric Power Corporation (KEPCO), a grid-connected DG is obliged to maintain its power factor between 0.9 and 1 at the point of common coupling (PCC) [5] . In order to satisfy this requirement, an active harmonic filter or an inverter in the DG system needs to take charge of controlling the power factor of the system. The required capacity of the active harmonic filter in the DG system is determined depending on which component controls the power factor. In addition, the capacity of an inverter is dependent on how the inverter controls the power factor with the DG output power. Thus, the harmonics generated by a 1 MW inverter-based DG, modeled with PSCAD/EMTDC, are measured, verified, and analyzed in this paper. Then, passive and active harmonic filters are also modeled in order to mitigate the harmonics resulting from the inverter-based DG. Based on these models, the optimal power factor control method is proposed to minimize the required capacities of the harmonic filters and the inverter while satisfying the regulations pertaining to grid-connected DGs, especially in terms of voltage variation, power factor, and THD.
Harmonic Currents of an Inverter-based DG

Control Scheme for a CRPWM Voltage Source Inverter
In this section, a grid-connected DG with a CRPWM voltage source inverter is modeled using PSCAD/EMTDC. The rated output power and voltage of the DG are, respectively, 1 MW and 0.69 kV. The vector-controlled inverter consists of IGBTs, which are suitable for bidirectional power flow. Fig. 1 shows the control scheme for the CRPWM voltage source inverter [6] . 
Analysis of the Harmonics Generated by the Inverter
As shown in Fig. 2 , a DG is connected through the CRPWM voltage source inverter to a radial power grid consisting of nine buses including one slack bus [7] . The reactive power of the DG is controlled to zero. In order to exclude the harmonic effects resulting from loads, constant power loads in the radial grid maintain a three-phase balance. Simulations are conducted to measure and analyze voltages and harmonics in the test grid. In the simulations, the voltage magnitude at the PCC (Bus 8) is maintained from 0.97 pu to 1.02 pu over the whole range of the DG output power, which satisfies the required condition for a grid-connected DG that the voltage magnitude at the PCC is not allowed to change by more than ± 4 % [5] . In addition, Fig. 3 shows that the output current THD is in an exponentially inverse proportion to the output power. When the DG output power gets lower, the THD appears to increase exponentially. As a result, for an output power less than 0.27 pu in the simulations, the DG cannot be connected to the power grid because of the regulation that the current THD at the PCC should be less than 5 %.
In an electric power system including inverter-based photovoltaic (PV) systems, the THD of the output currents at the PCC and the output power of the systems have the following relationship [3] :
As shown in Fig. 3 , the relationship between the THD and the output power of the modeled inverter-based DG can be expressed with the above equation. Moreover, parameters A and B are 2.2547 and 0.8510 respectively, and these parameter values are very similar to the values shown in Table 1 , which represents the statistics of the adjusted and average values of THD resulting from PV inverters [2] . 
Passive Harmonic Filter Modeling
A passive filter consists of resistors, inductors, and capacitors, and is connected with power lines in parallel. Apart from mitigating harmonics, a passive filter also supplies reactive power to the grid, thereby improving voltage stability. In general, a passive filter is made up by combining several filter branches which are tuned for, especially, the low order, i.e., 5th, 7th and 11th, harmonics. The resistance and the reactance of the filter branches in ohms are equal to:
where V is the rated voltage magnitude at the PCC, Q c is the reactive power supplied by the passive filter, h n is the order of harmonics to be removed, and Q is the quality factor of the filter [8] . Thus, in order to design the passive filter, it is essential to measure the amount of n th -order harmonics against the output power of the inverter-based DG. Fig. 4 shows the relative magnitudes of the 5 th , 7 th and greater than 11 th harmonics, compared to the fundamental output current. This figure shows that the passive filter needs to be designed to mainly remove the greater than 11 th harmonics. In addition, the total reactive power supplied by the filter is limited to 15 % of the rated output power, 1 MW, of the DG in order to prevent excessive voltage increases at the PCC. As a result, the capacities and parameter values of the designed passive filter in this paper are determined as shown in Table 2 . 
Active Harmonic Filter Modeling
An active filter commonly takes charge of mitigating the harmonics in the output current and controlling the power factor at the PCC. According to how the filter is connected to the network, it can be a series type to prevent the transfer of harmonic currents, a shunt type to reduce the harmonic contents in the network, or a hybrid type which includes both types of filters [8] . In this paper, the shunt active filter is considered as shown in Fig. 5 , because the type is easy to connect and disconnect with the inverter-based DG.. The active filter is designed to make the waveform of I grid a harmonic-free sine wave. Fig. 6 represents the control scheme for the filter in which a hysteresis control method is used with the following expression [9] 
The magnitude of I grid,ref is determined so that the DC link voltage in an active filter is constantly maintained. In addition, the phase angle, θ, of I grid is dependent on power factor control methods, which is thoroughly explained in Section 4. When an active filter is connected with the test distribution system at Bus 8 without a passive filter, the harmonics are effectively mitigated when the DG output power is greater than 0.1 pu. When the output is less than 0.1 pu, however, the output current THD is larger than 5 %, which causes the disconnection of the DG system from the distribution power system. This results from the increase in the harmonic currents caused by the internal transistors IGBTs in the active filter, compared to the output current of the inverter. Therefore, in order to reduce the relatively high THD for the low output power range, both a passive and an active filter are proposed to be connected at the PCC as shown in Fig. 5 . The figure represents the DG system consisting of an inverter-based DG and harmonic filters, as previously defined in Section 1.
Power Factor Control of an Inverter-based Distributed Generator System
According to the KEPCO regulations for gridconnected DGs, the power factor at the PCC should be maintained between 0.9 and 1 [5] . Fig. 7 represents the flows of the active and reactive power in the system in order to find out how the power factor of the proposed DG system is determined. It is assumed that the active power supplied by the harmonic filters is very small when it is compared to the DG output power, P DG . The arrows in Fig. 7 indicate the positive directions of corresponding variables. 
where α, in the second row, shows that the reactive power Q Tr absorbed by a transformer increases linearly with the DG active output power, P DG . In general, the capacity of an active filter is considerably less than that of a passive filter. Furthermore, Q DG has been commonly controlled to zero in order to increase the efficiency and reduce the loss of the DG inverter. Therefore, Q grid and the power factor at the PCC can be expressed by, respectively:
Equation (6) shows that the power factor of the DG system falls down to less than 0.9 in the range of low active output power. This is because the passive filter supplies the constant reactive power, Q PF . It is, therefore, necessary that an active filter or a DG inverter controls the power factor at the PCC in order for the DG system to be connected to the main power grid while satisfying the DG connection regulations for all of the output power range.
Capacity Estimation of an Active Filter According to Two Different Power Factor Control Methods
It is shown in Table 3 that the reactive power |Q AF | supplied or absorbed by the active filter can be numerically estimated when the power loss in the filter is not considered. Table 3 , Q h is the reactive power supplied or absorbed by an active filter used only for mitigating harmonics, and δ is the phase difference between I grid and V pcc . The two control methods result in the same values of Q h for the same DG output power. Therefore, when an active filter, not an inverter of the DG system, controls the power factor at the PCC, the filter needs to supply or absorb a considerable amount of reactive power for almost all output power levels. The simulation results in Fig. 8 show the magnitude of the reactive power supplied or absorbed by an active filter with DG output power according to the two different power factor control methods. If the effect of Q h as well as the power loss of an active filter and an inverter is neglected, the graphs theoretically drawn from the equations in Table  3 are very similar to the graphs shown in Fig. 8 . From Fig.  8 , it can be proved that the capacity of an active filter needs to be over 130 kVar in order for a DG system to operate at a unity power factor when the active filter takes charge of both mitigating the harmonics and controlling the power factor. If the power factor is controlled to 0.9 for voltage stability or power loss reduction, the capacity of an active filter needs to be over 360 kVar. However, when an inverter controls the power factor and an active filter only mitigates the harmonics, it is possible for an active filter with an only 12 kVar capacity to effectively remove harmonics at all output power levels.
Power Factor Control for the DG Inverter Capacity
In the case that a DG inverter controls the power factor at the PCC, the DG needs to absorb reactive power, which results in that Q DG is not controlled to zero any more. The reactive power absorbed by the DG and the required capacity of the DG inverter can be calculated from the following equations, respectively: 
Equation (8) shows that the inverter capacity needs to be bigger than the maximum output power, P DG,max , of the DG system, when the system controls its power factor to be constant regardless of its output power. In other words, in the case that a DG system operating with constant power factor generates maximum output power, 1 MW, the inverter of the system needs to have a capacity bigger than 1 MVA.
In order to satisfy the regulations for DG connection and to minimize the capacity of an inverter at the same time, it is proposed that the DG should supply or absorb the different amounts of Q DG according to P DG . For an output power in which power factor is equal to or more than 0.9, Q DG is controlled to zero, but for a low output power in which the power factor is less than 0.9, the DG is controlled to absorb some of the reactive power supplied by the passive filter so as to make the power factor at the PCC be equal to 0.9. With the suggestion that the DG absorbs reactive power only for the low output power range, the DG system consequently operates with a variable power factor. In addition, the required capacity of the inverter is reduced to the same magnitude as P DG,max . This can be achieved by the power factor control scheme shown in Fig. 9 . The rate limiter block helps to prevent frequent changes of ΔQ DG in order to guarantee the stable operation of the DG system. Using the proposed control scheme, a simulation is performed; Fig. 10 shows the results that the power factor becomes variable due to the different amounts of absorbed reactive power. Specifically, the power factor varies from 0.9 to 1 for a DG output power higher than 0.27 pu. However, when the output power is lower than 0.27 pu, the power factor is constantly maintained at 0.9 since the DG absorbs a part of reactive power supplied by the passive filter. Although this causes an increase in the total apparent power passing through the inverter, this does not affect the capacity, 1 MVA, of the inverter. Finally, the simulation results of the current THD measured at Bus 8 are shown in Fig. 11 when the DG system, including a passive and an active filter, uses the proposed power factor control methods. Compared to Fig. 3 , it is clear that the harmonic filters with small capacities can effectively mitigate the harmonics generated by the DG inverter for all output power levels. 
Conclusion
In this paper, a grid-connected inverter-based DG is modeled using PSCAD/EMTDC, and the current THD is measured against the DG output power. Then, a passive and an active filter are designed in order to mitigate the harmonics. In addition, the capacity of the active filter is estimated with two different power factor control methods. This paper proposes that the inverter controls the power factor and the active filter only takes charge of mitigating the harmonics, because this brings a dramatic decrease in the necessary capacity of the active filter. Furthermore, it is suggested that the DG should absorb reactive power only in the low output power range in order to prevent a useless increase in the capacity of the DG inverter and to satisfy the regulations for DG connection at the same time. Finally, when the DG system using the proposed power factor control methods is connected to a test distribution power system, the harmonic filters effectively mitigate the harmonics generated by the DG inverter.
